A premixed methane-air flame at the stoichiometric equivalence ratio was produced on a flat flame burner. A flat grid electrode placed above the burner was used to produce electric fields using potentials up to 27.3 kV/m. Both a single and double core Langmuir probe were inserted into the flame to record a current-voltage sweep. Measurements were repeated at multiple points in the flame and at different electric field strengths. Results were used to determine the electron temperature as a function of axial location and electric field strength as a means of assessing how effective dissociative recombination is in influencing flame behavior.
A parameter of particular interest is the electron temperature, which is a useful quantity in both chemistry and plasma physics. Previous work investigating the electron temperature of flames has indicated that electrons tend to have higher temperatures than the flame itself. Investigations into coal gas flames have yielded electron temperatures of 8700 K 6 , while a carbon monoxide -oxygen flame observed by Bradley and Mathews had an electron temperature of 30000 K 7 . Research by Wild et al. 3 did not manage to produce electron temperatures this high; electron temperatures of 4000 K and 3000 K were recorded without and with nitrogen being mixed with methane and oxygen, though this is still higher than the flame temperature of 1600 K.
Thus far, the majority of work on electron temperature has focused on unmodified flames. Observation of electron temperature in hydrocarbon flames subject to electric fields is of interest because it informs discussion about mechanisms affecting hydrocarbon flames under these conditions. Currently, the most popular hypothesis for explaining flame behavior in electric fields is the ionic wind hypothesis, the first serious analysis of which was provided by Lawton and Weinberg 9 . This explanation proposes that an externally applied electric field acts as a body force on ions and electrons, and that changes to flame behavior are explained by the transfer of momentum from the charged particles to the neutrals. A few researchers, most This paper is divided into five parts. Section II covers the experimental setup. Section III presents the results of the experiment, both numeric data and images taken of the flame. Section IV discusses the results and their implications, and Section V concludes the paper along with proposing directions for future research.
II. Experiment
The experiment uses a custom flat flame burner made of naval brass. A sheet of perforated brass, with 0.50 mm holes arranged in staggered formation, is used for the burner surface. Methane is the fuel and air is the oxidizer. Steel wool is placed at the bottom of the burner assembly to promote mixing of the reactants.
The flame is produced at the stoichiometric equivalence ratio, with air flowing at 6.81 SLM and methane flowing at 0.72 SLM. A copper pipe is soldered to the burner and connected to a water pump to cool the burner.
An electric field is produced using a sheet of perforated steel as the anode, placed at 7.32 cm above the burner surface. The burner is connected to an electrical ground, making the burner surface the cathode. A Matsusada Au-10P30 series power supply is used to supply DC power to the anode and provides up to 2 kV of supply voltage. In this configuration, the anode supplies an electric field up to 27.3 kV/m, or a reduced electric field of 8 Td. Current is limited to a maximum of 60 mA. A schematic of the experiment is provided in figure 1 , and a cross-section of the burner is provided in figure 2 . 
III. Results

A. Flame temperature measurements
Flame temperature was measured with a 1/16 in, sheathed, ungrounded, type K thermocouple placed in the center of the premixed flame. To compensate for heat losses from the thermocouple sheath, convection to the thermocouple was assumed equal to the radiative losses. The flame temperature can then be calculated from the following relation described by Brundage et al.
Using this approach, we calculate a corrected flame temperature of 2153 K. Additionally, assuming a heating value of 37710 kJ/m 3 for methane, the burner outputs a thermal power of 4.75 kW at the current flow rates.
B. Probe characteristics and response
Electron temperature measurements are accurate only if the probe hasn't cooled the plasma. Electrons reaching the probe can be considered uncooled in a flowing plasma if the condition Re e α 2 χ 2 1 is met as described by Smy, 15 where
Smy assumes χ to be on the order of 10 for his analysis and uses this to produce figure 8 on page 548, which shows the limits for electron temperature measurements across various ionized particle densities. Prior investigation 11 has determined the ion density of this flame to be 2.4X10 16 m −3 when no electric field is applied, so assuming the plasma is quasi-neutral, the bulk ionization density is double this quantity. A conservative estimate of electron temperature would be to assume that it is equal to the flame temperature. With these parameters, we find that the Langmuir probe will not cause significant probe cooling over the range of probe biases investigated in the present work.
At all three axial positions, measurements are often noisey, making accurate determination of electron temperature difficult. This is exacerbated when an electric field is applied. To reduce noise problems, 11-point Savitzky-Golay smoothing is applied to the data. This preserves trends while reducing the amount of scatter present.
C. Single probe temperature
For a single core Langmuir probe, the electron temperature is proportional to the inverse slope of the linear region in a current-voltage plot after the logarithm of the current has been taken. This yields the electron temperature in Kelvin and is derived from the work of Silla and Dougherty, 4 who recommend collecting this slope as close to the ion saturation region of the plot as possible.
The electron temperature derived from this approach is shown in figure 3 . In all cases, the electron temperature is significantly higher than the flame temperature, the lowest electron temperature being 6,090
K. By comparison, the flame temperature was 2,153 K, as measured at the center of the premixed flame.
When electric fields are applied the electron temperature grows by the square of the electric field strength.
The highest electron temperatures correspond to the strongest electric fields, reaching a maximum of 30,438
K. The highest electron temperatures are most associated with the upstream region of the premixed flame.
Downstream of the premixed flame, electron temperatures are reduced, but otherwise follow the same pattern. high pressure plasmas describes a method which calculates the electron temperature as follows
The approach described in Eq. (6) produces the electron temperature as shown in figure 5 . 
IV. Discussion
A. Comparison with literature
To the authors' knowledge, the present work is the first comprehensive attempt at measuring the electron temperature of a hydrocarbon flame when a DC electric field is present. Given that prior attempts at measuring the electron temperature do so without the presence of an electric field, a comparison with the existing literature is based entirely on temperature measurements of the unmodified flame. A comparison of our results with prior research is described in Table 1 .
Results of the present work show agreement with different authors depending on which probe is used. Pressure is a common factor when observing the electron temperature for all fuel/oxidizer combinations. Atmospheric pressure tended to produce higher electron temperatures than flames under a low vacuum for the same fuel and oxidizer combination. Flame temperatures tend to drop when subjected to low pressures, and in the case of the unmodified hydrocarbon flames, the electron temperature tends to stay within the same order of magnitude as the flame temperature 3 .
Bradley and Matthews' CO-O 2 flame stands out as having the highest electron temperature for an unmodified flame, followed by Engel and Cozens' coal-air flame. In both cases, the adiabatic flame temperature of CO and coal are higher than CH 4 or C 3 H 8 , which should lead to a higher electron temperature. Bradley and Matthews further state that high electron temperatures are the result of chemi-ionization, rather than collisional ionization, and that high electron temperatures can be observed in the CO − O 2 flame due to the reactions involved in CO oxidization.
B. Differences between probe measurements
The singe Langmuir probe measured substantially higher electron temperatures than the double probe at all points, sometimes by as much as a factor of 10. It would be simple to dismiss the single probe temperatures as an anomaly were it not for other authors who report electron temperatures of the same magnitude. Furthermore, repeated attempts at measuring the electron temperature with the single probe 
C. Effects on dissociative recombination
The process supported by Marcum and Ganguly's research proposes that the flame behaviors associated with E-field modified combustion are attributable to dissociative recombination. This is where ion species split into two or more new neutral species after capturing an electron. The general form of any recombination reaction can be represented as
Many plasmas are assumed to be quasi-neutral. In this case, the ion density can be assumed equal to the electron density, so the rate of dissociative recombination is proportional to the square of the ion density.
The recombination cross section coefficient is species and temperature dependent. One example of this can be found in Heppner et al., Table 2 .
Given the reduction in the recombination cross section coefficient, it is necessary to look at how ion Table 3 . to the electric field, the drop in the recombination cross section coefficient upstream of the flame is larger, leading to the dissociative recombination rate dropping by half compared with the unmodified premixed flame. This is not the case downstream of the premixed flame, where the growth in ion density exceeds the drop in the recombination cross section coefficient. This is sufficient to cause a growth in the dissociative recombination rate, such that dissociative recombination can be considered an influential mechanism on flame behavior. Jacobs et al. 11 observed a growth in the ion density with electric field strength in the premixed flame and partially attributed this to ionic wind effects. This would therefore suggest that the ionic wind and dissociative recombination are a coupled system, with the former driving increases to the latter.
V. Conclusion
A flat methane-air flame was subjected to a DC electric field produced by a flat grid electrode. The electric field had a maximum strength of 27.3 kV/m and the flame was kept at the stoichiometric equivalence ratio. Both single core and double core Langmuir probes were used to measure the electron temperature.
Both probes showed a nonlinear increase in electron temperature with electric field strength, but the single probe measured significantly higher electron temperatures than the double probe. The higher temperatures were attributed to single probe data being taken close to ion saturation, such that only high energy electrons would reach the probe. Assuming a Maxwellian velocity distribution suggested that electron temperatures measured by the single probe represented the high energy tail of the distribution and double probe measurements represented the most probable electron temperature.
Results were used to investigate the role of dissociative recombination in flames. H 3 O + -electron recombination rate coefficients were found to be inversely proportional to the electric field strength, but dissociative recombination rates increased immediately downstream of the premixed flame due to strong growth in ion density. Dissociative recombination was therefore determined to be a significant mechanism influencing the flame for the range of electric fields investigated.
Future work will include stronger electric fields. The present work focused on a small range of electric fields, and dissociative recombination may be a stronger influence on the flame provided a stronger field is applied.
